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In mammalian skin, Merkel cells are mechanore-
ceptor cells that are required for the perception of
gentle touch. Recent evidence indicates that mature
Merkel cells descend from the proliferative layer of
skin epidermis; however, the stem cell niche for Mer-
kel cell homeostasis has not been reported. Here, we
provide genetic evidence for maintenance of mature
Merkel cells during homeostasis by Krt17+ stem cells
located in epidermal touch domes of hairy skin and in
the tips of the rete ridges of glabrous skin. Lineage
tracing analysis indicated that the entire pool of
mature Merkel cells is turned over every 7–8 weeks
in the adult epidermis and that Krt17+ stem cells
also maintain squamous differentiation in the touch
dome and in glabrous skin. Finally, selective genetic
ablation of Krt17+ touch-dome keratinocytes indi-
cates that these cells, and not mature Merkel cells,
are primarily responsible for maintaining innervation
of the Merkel cell-neurite complex.
INTRODUCTION
Our sense of touch enables numerous behaviors fundamental to
human existence, allowing us to eat, communicate, and survive
(Barr and Sternberg, 1999; Bergman et al., 2000; Selden, 2004;
Kaffman andMeaney, 2007; Lumpkin et al., 2010). In mammalian
skin, Merkel cells are sensory mechanoreceptor cells that
mediate the perception of light-touch stimuli (Maricich et al.,
2009). Because Merkel cells express both cytokeratins and
neuroendocrine markers, their embryonic origin had been
debated for more than four decades (Szeder et al., 2003; Morri-
son et al., 2009; Van Keymeulen et al., 2009). Initial reports using
lineage-tracing analysis showed that Merkel cells were derived
from Wnt1+ progenitors in the neural crest (Szeder et al., 2003);
however, more recent evidence indicated that Merkel cells
descend from the Krt14+ basal keratinocyte layer of the skin
epithelium (Morrison et al., 2009; Van Keymeulen et al., 2009),
which houses a number of epithelial stem and progenitor popu-
lations (Yan and Owens, 2008). In support of the latter studies,
our laboratory previously identified a phenotypically distinctCpopulation of epidermal keratinocytes that reside along with
Merkel cells in specialized skin structures termed touch domes
(TDs) and are able to regenerate Merkel cells in surrogate assays
(Woo et al., 2010). However, the identification and characteriza-
tion of the stem cell niche for Merkel cell homeostasis as well as
the kinetics of mature Merkel cell turnover have not been
reported.
To address these issues, we generated a transgenic mouse
model in our laboratory that selectively targets these TD kerati-
nocytes based on their exclusive expression of cytokeratin
Krt17. Using this mouse model in combination with other mutant
alleles, we provide genetic evidence for maintenance of mature
Merkel cells during homeostasis by Krt17+ keratinocytes located
in epidermal TDs of hairy skin and in the tips of the rete ridges of
glabrous skin. The identification of this stem cell niche may have
important implications for age-related decline in Merkel cell
numbers and Merkel cell carcinoma pathogenesis.RESULTS AND DISCUSSION
In the hairy skin of mice and humans, TDs are specialized struc-
tures in the epidermis that consist of unusual columnar keratino-
cytes in juxtaposition with neuroendocrine Merkel cells (Pinkus,
1902; Smith, 1977; Moll et al., 1996; Johnson et al., 2000; John-
son, 2001; Halata et al., 2003; Reinisch and Tschachler, 2005)
(Figure 1A), which are identified by cytokeratin Krt8 expression
(Figures 1B). We previously discovered a unique population of
TD-residing keratinocytes that are able to give rise to Merkel
cells in regenerative ex vivo assays (Woo et al., 2010). Microarray
RNA profiling indicated that TD keratinocytes were phenotypi-
cally distinct to the remainder of interfollicular epidermal (IFE)
cells (Woo et al., 2010) and identified cytokeratin Krt17 as a high-
ly enriched transcript (8-fold) (Table S1). Here, we confirmed
Krt17 as a selective marker of TD columnar keratinocytes that
was not detected in Merkel cells or in the remainder of the IFE
cells (Figures 1A, 1B, S1). In addition, Krt17 labeling tightly over-
lapped with expression of CD200 (Figure S2A), a previously es-
tablished cell-surface marker for TD keratinocytes (Woo et al.,
2010). Based on these findings, we selected the Krt17 locus as
a means to target TD keratinocytes and their progeny in adult
epidermis. We utilized a BAC recombineering approach (Cope-
land et al., 2001; Liu et al., 2003) to generate a transgenic mouse
model, K17CreERT2, in which a tamoxifen (TAM)-inducible Creell Reports 3, 1759–1765, June 27, 2013 ª2013 The Authors 1759
* * 
0 
20 
40 
60 
80 
100 
C 
E 
D 
F 
Merge 
Krt17 Krt8 
EYFP
epi
der 
TD 
TD TD 
TD 
Q P
EYFPKrt8 Merge 
EYFPKrt8 Merge 
epi
der 
J 
M N O 
LK TD TD TD 
TD TD TD 
TA
M
 3
 w
k
TA
M
 2
4 
hr
Ve
h 
24
 h
r
TA
M
 1
2 
w
k
epider 
epi
der 
epi
der 
epi
der 
%
 E
Y
FP
+
TD
K
C
s 
0 
20 
40 
60 
80 
100 
TAM chase Veh
epi
der 
epi
der 
epider epider 
C
D
20
0–
68
0 
A
1.2% 82.0% 91.3% 76.5% 89.1% 89.2% 
R WT U VSVeh 24 hr TAM 24 hr TAM 1 wk TAM 3 wk TAM 7 wk TAM 12 wk
TD Wt
24 hr  1 wk  3 wk  7 wk  12 wk
%
 E
Y
FP
+  
M
C
s 
TAM chase 
epi
der 
Krt17-DAB 
HF 
24 hr  1 wk  3 wk  7 wk  12 wk24 hr
B TD 
Krt8 Krt17 DAPI 
epi
der 
c c c c 
I TD 
epi
der 
* * 
H TD 
epi
der 
* * 
G TD 
epi
der 
* * 
EYFPKrt8 Merge 
HF 
Wt
sc sc
sc sc
Figure 1. Genetic Pulse-Chase Analysis in
K17CreERT2;R26REYFP Bigenic Mice
(A) Wt histological mouse skin section labeled with
Krt17 antibodies detected with DAB (brown). Krt17
is detected in HF outer root sheath cells and the TD
(see 4.53 magnification inlay) but is absent in the
remainder of the epidermis. Scale bar, 50 mm.
(B–O) Krt8, Krt17, and EYFP coimmunolabeling in
dorsal skin sections from TAM- (B–L) or Veh- (M–O)
treated K17CreERT2;R26REYFP bigenic mice. La-
beling in the stratum corneum (sc) is due to
nonspecific binding of the GFP antibody. Arrows
point out Merkel cells in each panel, and asterisks
designate EYFP+ Merkel cells (C–O). Hashed lines
demarcate the epidermal-dermal border, and
brackets designate the borders of each TDwith the
surrounding IFE cells. (C)–(F), (G)–(I), (J)–(L), and
(M)–(O) represent the same field of view.
(P–Q) Bar graphs showing the average percentage
of EYFP+ Merkel cells (P) or TD keratinocytes (Q) in
K17CreERT2;R26REYFP skin sections following
TAM or Veh treatment. Error bars show SD.
(R–W) Representative CD200 (y axis) and EYFP
(x axis) FACS contour plots showing the percent-
age of EYFP+ TD keratinocytes detected at 24 hr
after Veh and each TAM chase time point.
epi, epidermis; der, dermis; HF, hair follicle; TD,
touch dome; MC, Merkel cells; TDKCs, touch-
dome keratinocytes; c, columnar cells (B). Scale
bar, 20 mm. See also Figures S1, S2, and S3.recombinase (CreERT2) (Feil et al., 1997) was inserted into the 30
UTR of the Krt17 locus (Figures S2B and S2C). For validation,
K17CreERT2 mice were crossed with R26REYFP reporter mice
(Srinivas et al., 2001), and K17CreERT2;R26REYFP bigenic
progeny were treated with TAM to induce EYFP expression
(Figure S2D). We observed robust EYFP expression in TD kera-
tinocytes in the epidermis (Figures 1D–1F) and in Krt17+ cells in
the hair follicle (HF) (Figures S3A–S3C), shortly after (24 hr) the
last TAM administration. In the TD, no EYFP expression was de-
tected in underlyingMerkel cells or the surrounding IFE cells (Fig-
ures 1E and 1F). No EYFPwas detected in TD keratinocytes from
K17CreERT2;R26REYFP mice treated with vehicle (Figures 1M–
1O), rendering K17CreERT2 mice as an effective tool to selec-
tively target Krt17-expressing skin lineages.
We first conducted genetic pulse-chase studies in
K17CreERT2;R26REYFP mice to investigate whether Krt17+ TD1760 Cell Reports 3, 1759–1765, June 27, 2013 ª2013 The Authorskeratinocytes contribute to the Merkel
lineage, as determined by the accumula-
tion of EYFP+ Merkel cells over a
12 week period following TAM adminis-
tration (Table S2). Although few if any
EYFP+ Merkel cells were detected 24 hr
following the last TAM administration (Fig-
ures 1C–1F and 1P), we observed a quan-
tifiable increase in EYFP+ Merkel cells at
1 week (33.6% ± 10.9%) (Figure 1P) and
3 weeks (50.7% ± 5.6%) (Figures 1G–1I
and 1P) that continued until 7 weeks after
TAM, at which time most Merkel cellswere EYFP+ (80.7% ± 9.9%) (Figure 1P). Virtually all Merkel cells
remained EYFP+ (95.0% ± 4.5%) at 12 weeks after TAM (Figures
1J–1L and 1P). These findings provide genetic evidence that the
Merkel lineage descends from Krt17+ TD keratinocytes and,
importantly, demonstrate that turnover of the entire mature Mer-
kel cell pool requires approximately 7–8 weeks in murine skin.
Consistent with previous findings (Woo et al., 2010), these TD
keratinocytes also appear to give rise to differentiated cells, as
demonstrated by the EYFP labeling in the suprabasal layer
above the TD (Figures 1I and 1L).
We then quantified the percentage of EYFP+ TD keratinocytes
following TAM administration in K17CreERT2;R26REYFP mice by
fluorescence-activated cell sorting (FACS) analysis to assess
the persistence of this cellular pool in the epidermis. TD keratino-
cytes were gated as a6 integrin+CD34Sca-1+CD200+
epidermal cells as previously described (Woo et al., 2010)
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Figure 2. Krt17+ Keratinocytes Maintain
Merkel Cells in Pelage Skin, Vibrissae Folli-
cles, and Footpad Epidermis
(A) EYFP and Krt8 coimmunolabeling in
K17CreERT2;R26REYFP dorsal skin sections at
3 weeks (left), 7 weeks (middle), and 12 weeks
(right) following TAM. Brackets designate
epidermal region between the HF and TD that is
EYFP-negative for each time point. DAPI-counter-
stained panels are provided to confirm the pres-
ence of a continuous nucleated basal layer between
the HF outer root sheath and the epidermal TD.
(B) Hematoxylin-and-eosin (H&E)-stained (left) or
EYFP and Krt8 coimmunolabeling in whisker follicle
sections from K17CreERT2;R26REYFP mice 24 hr
(upper) and 12weeks (lower) after TAM. In H&E, box
designates the upper permanent portion of the
whisker that contains Merkel cells and is innervated
by the nerve trunk (NT). In both rows (24 hr and
12 weeks), the first and last four panels represent
colabeling of the same section derived from the left
and right sides of the whisker follicle ORS,
respectively. Inlays represent 33 magnification.
(C–O) H&E-stained (C) or coimmunolabeling with
Krt8 and Krt17 (D and E); Krt17 and EYFP (F and G);
or Krt8 and EYFP (H–O) in K17CreERT2;R26REYFP
footpad skin sections 24 hr (C–K) or 7 weeks (L–O)
after TAM. Where appropriate, arrowheads point to
EYFP and asterisks designate EYFP+Merkel cells.
Hashed lines demarcate the epidermal-dermal
border (A and D–O) or the outer root sheath layer of
the whisker follicle (B).
RR, rete ridge. Scale bars, 50 mm (H&E) and 20 mm
(immunofluorescence). See also Figures S2 and S3.(Figures S3D–S3F), and the average percentage of EYFP+ TD
keratinocytes was compared between each TAM chase time
point (Figure 1Q). We observed efficient induction of EYFP+ TD
keratinocytes at 24 hr after TAM (75.0% ± 11.4%) (Figures 1Q
and 1S) and EYFP induction in TD keratinocytes was maintained
between 1 (77.0% ± 9.4%) to 12 weeks after TAM (92.4% ±
6.3%) (Figures 1Q and 1T–1W). No EYFP+ TD keratinocytes
were detected in vehicle-treated K17CreERT2;R26REYFP mice
(Figures 1Q and 1R). Interestingly, no EYFP+ cells were observed
in the IFE cells outside of the touch-dome borders at any chase
time point (Figures 1E, 1H, and 1K), indicating that the cellular
input from TD keratinocytes is confined to the TD during
homeostasis.Cell Reports 3, 1759–17Consistent with the reported expression
for Krt17 in the outer root sheath layer of
the HF (Moll et al., 1982; McGowan and
Coulombe, 1998), we also observed
robust induction of EYFP in pelage HFs
of K17CreERT2;R26REYFP mice 24 hr after
TAM (Figures S3A–S3C) and EYFP
expression was maintained out to
12 weeks after TAM (Figure 2A). Although
adult HF stem cells are not reported to
contribute to epidermal homeostasis
(Levy et al., 2005; Ito et al., 2005), theirrole in TD and Merkel cell homeostasis has not been directly ad-
dressed. We found that EYFP expression in HFs was restricted
to the upper boundary of the infundibulum, and regions of the
IFE cells between HFs and the TD were consistently devoid of
EYFP at 3, 7, and 12 weeks after TAM (Figure 2A), thereby
excluding a role for Krt17+ HF stem cells in TD homeostasis.
Collectively, these results provide genetic evidence that impli-
cates Krt17+ TD keratinocytes as long-lived epidermal stem cells
responsible for Merkel cell maintenance.
Next, we examined other anatomical locations in
K17CreERT2;R26REYFP mice that house Merkel cells, including
the upper permanent portion of vibrissae follicles (Figure 2B)
and in the epidermal rete ridges of footpad skin (Moll et al.,65, June 27, 2013 ª2013 The Authors 1761
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Figure 3. Genetic Depletion of TDKCs in
K17CreERT2;R26RiDTR Bigenic Mice
(A–C) Representative gross images of whiskers,
pelage (A–C), and footpad (glabrous) skin in Veh-
(A) and TAM-treated (B and C) K17CreERT2;R26-
RiDTR bigenic mice at 24 hr (A and B) and 2 weeks
(C). Brackets designate the breadth of whiskers.
White arrowheads point out areas of hair thinning
on the head in pelage skin (B and C). Black ar-
rowheads indicate nail loss.
(D–F) Representative H&E of dorsal skin for each
condition. Arrows point to perturbedHFs (E and F).
Scale bar, 50 mm.
(G) Representative CD200 (y axis) and Sca-1
(x axis) FACS dot plots showing the percentage of
TDKCs in the touch dome at 2 weeks for control
and at each TAM + DT chase time point.
(H) Bar graph depicting the average percentage of
TD keratinocytes in TAM + DT mice at each chase
time point compared to Veh + DT mice.
Error bars show SD. See also Figures S3 and S4.1996) (Figure 2C), for thepresenceof additional Krt17+ niches that
may contribute to Merkel cell homeostasis. In vibrissae follicles,
EYFPwas detected throughout the outer root sheath of the upper
follicle at 24 hr after TAM; however,most Krt8+Merkel cells in this
regionwereEYFPat thisearly chase timepoint (Figure2B).How-
ever, at 12 weeks after TAM, EYFP+ Merkel cells were routinely
detected in the outer root sheath of vibrissae follicles (Figure 2B),
confirming their derivation from Krt17+ follicular keratinocytes.
In the glabrous skin of the footpad, Krt17 expression was
observed in cells confined to the tips of epidermal rete ridges
(Figures 2D and 2E), and Krt17+ cells were tightly apposed to
Krt8+ Merkel cells (Figure 2D) in a similar fashion to the localiza-
tion of Krt17+ stem cells and Krt8+ Merkel cells in the TD
(Figure 1). We confirmed the presence of EYFP in Krt17+ kerati-
nocytes localized to the tips of rete ridges in K17CreERT2;R26-
REYFP mice at 24 hr after TAM (Figures 2F and 2G). Similar to
vibrissae follicles, no EYFP+ Merkel cells were detected at
24 hr after TAM in these areas (Figures 2H–2K); however, at
7 weeks after TAM EYFP+ Merkel cells were present in the tips
of the rete ridges (Figures 2L–2O). Interestingly, EYFP+ cells
were also abundant in the suprabasal, postmitotic keratinocyte
layers of paw epidermis, indicating that Krt17+ keratinocyte
stem cells in glabrous mouse skin maintain Merkel and squa-
mous lineages during homeostasis. A better understanding of
the comparative anatomical relationship between Krt17+ stem
cells and Merkel cells in the TD, whisker follicle, and footpad
will be the focus of future investigation.
To further probe the cellular dynamics of the TD niche, we next
performed selective genetic ablation of TD stem cells using1762 Cell Reports 3, 1759–1765, June 27, 2013 ª2013 The AuthorsK17CreERT2 mice that were crossed
with R26RiDTR mutant mice, which ex-
press a Cre-inducible Diphtheria Toxin
Receptor (iDTR) (Buch et al., 2005) to
generate K17CreERT2;R26RiDTR bigenic
mice. K17CreERT2;R26RiDTR mice were
treated with TAM as described above,
which was directly followed by treatmentwith Diphtheria Toxin A (DT) (100 ng twice daily for 7 days) as
previously described (Buch et al., 2005) (Figure S4A).
K17CreERT2;R26RiDTR control mice were administered oil
instead of TAM followed by DT treatment. Gross inspection of
K17CreERT2;R26RiDTR mice treated with TAM + DT revealed
substantial, albeit incomplete, loss of pelage hairs on the ventral
and dorsal skin and whisker follicles at 24 hr after the last DT
administration (Figure 3B; data not shown), whereas the hairs
of control mice appeared normal (Figure 3A). We also observed
a rapid loss of nails in TAM + DT mice at only 24 hr after DT (Fig-
ure 3B), a finding that supports the reported role for Krt17 in
proper nail differentiation (McGowan and Coulombe, 2000). At
2 weeks after DT, the loss of pelage and whisker hairs was not
restored but, in fact, continued to progress (Figure 3C), indi-
cating that bulge stem cells in these appendages were effec-
tively targeted by DT, which was validated by FACS analysis
(Figure S4B). The nails did regenerate by 2 weeks after DT; how-
ever, new nails appeared abnormal with a wider and flattened
shape (Figure 3C) compared to control nails (Figure 3A). The
skin of TAM + DT mice appeared normal by gross inspection
(Figures 3B and 3C). Histopathological analysis of TAM + DT
skin showed HFs containing structural defects; however, the
Krt17 epidermis was left intact (Figures 3D–3F). These findings
validateK17CreERT2;R26RiDTRmice as an effective tool to selec-
tively ablate the Krt17-expressing lineages in the skin.
Next, we examined the levels of TD stem cells in TAM + DT-
treated K17CreERT2;R26RiDTR mice by FACS analysis. TD
cells were gated as a6 integrin+CD34Sca-1+CD200+ cells
as described above and quantified as the percentage of the
Figure 4. Ablation of TD Keratinocytes
Leads to Loss of Innervation by Nefh+ Sen-
sory Afferents
(A–J) Krt8, Krt17, and Nefh coimmunolabeling in
thick (20 mm) vehicle + DT (A–E) and TAM + DT-
treatedmouse skin sections (F–J) at 24 hr after DT.
Asterisks denote lost Krt17-expressing cells (G)
and the loss of columnar shaped keratinocytes in
the TD with DAPI staining (J) as detailed in the in-
lays (43) and indicated by white arrowheads
(E and J). White arrows mark normal innervation
Nefh+ afferents in Veh-treated skin (C) and residual
Nefh staining localized only to Merkel cells (H).
Note the lack of immunoreactivity in the dermis
(H and I). Brackets frame the TD area in each
panel. Hashed lines demarcate the epidermal-
dermal border. Scale bar, 20 mm.
(K) Histogram illustrating the percentages of TDs
with intact innervation in Vehicle + DT versus
TAM + DT-treated mice.
See also Figure S4.live-cell population fromK17CreERT2;R26RiDTR skin harvested at
24 hr and 1 and 2weeks after DT (Figure 3G). A substantial loss of
the TD keratinocyte population was observed at 24 hr after DT
(42.8% ± 16.5%) (Figure 3H), indicating that the TD population
was effectively targeted in K17CreERT2;R26RiDTR mice. The
loss of TD cells was not restored but, strikingly, the number
was further diminished at 1 weeks (63.2% ± 8.2%) and 2 weeks
(81.6% ± 5.5%) after DT (Figures 3G and 3H), which is a sufficient
time for epidermal regeneration and homeostasis to be rein-
stated following full-thickness wounding (Lau et al., 2009). These
findings indicate that the loss of TD stem cells is not rescued by
other niches in the IFE cells and suggest that TD stem cells repre-
sent an autonomous niche. To confirm this idea and exclude the
possibility that the loss of TD stem cells may be recovered at
later time points following DT administration, K17CreERT2;R26-
RiDTR mice were chased for 4 weeks following administration
of higher doses of DT (Figure S4A). A 4 week time frame is suffi-
cient for surgically implanted dissociated TD cells to fully regen-
erate TDs including mature Merkel cells that are innervated byCell Reports 3, 1759–176host-derived sensory afferents (Woo
et al., 2010). At 4 weeks following DT,
the TD pool was still profoundly dimin-
ished (29.3% of control levels) compared
to vehicle-treated mice (86.9% of control
levels) (Figure S4C). Collectively, the
restricted cellular input of TD stem cells
during homeostasis (Figures 1 and 2)
and the lack of recovery of TD ablation
by other epidermal niches (Figure 3) sug-
gest that the TD represents an autono-
mous niche that does not overlap with
stem or progenitor pools in the remainder
of the epidermis.
The loss of TD stem cells quantified by
FACS analysis (Figures 3G and 3H) was
further confirmed by immunolabeling
skin sections with the TD markers Krt17and Krt8. At 24 hr after DT, Merkel cells were still detected in
vehicle (Veh)- (Figure 4A) and TAM-treated K17CreERT2;R26-
RiDTR skin (Figure 4F). However, in TAM + DTmice Krt17 labeling
was absent (Figure 4G) compared to Veh + DT mice (Figure 4B).
Labeling of the nuclei with DAPI confirmed that the loss of Krt17
immunolabeling was due the ablation of the columnar-shaped
keratinocytes of the TD in TAM + DT mice (Figure 4J), which
were still present the TDs of Veh + DT mice (Figure 4E).
It has been previously shown that Atoh1 conditional null mice
lack Merkel cells and are not responsive to light-touch stimuli
(Maricich et al., 2009). Interestingly, TDs are still present in the
skin of Atoh1mutant mice and remain highly innervated by sen-
sory neurons (Maricich et al., 2009). While these findings under-
score the importance of Merkel cell neuroendocrine function in
touch sensation, they suggest that other cells besides Merkel
cells may regulate the innervation of epidermal TDs by sensory
afferents. To address this idea, we examined TDs in thick sec-
tions of Veh + DT and TAM + DTmouse skin for any potential de-
fects in the innervation of Merkel cells by sensory afferents as5, June 27, 2013 ª2013 The Authors 1763
detected by Neurofilament, heavy polypeptide (Nefh) expression
(Maricich et al., 2009, Woo et al., 2010). Intact innervation was
defined as the presence of Nefh+ afferents in the dermis that
extended up to and made contact with Krt8+ Merkel cells. In
Veh + DT K17CreERT2;R26RiDTR skin, the majority of the TDs
demonstrated intact innervation (88.2%) by Nefh+ neurons (Fig-
ures 4C and 4D) (n = 17 sections from 14 TDs examined). How-
ever, in TAM + DT K17CreERT2;R26RiDTR skin only 16.7% of the
TDs demonstrated intact innervation (Figures 4H, 4I, and 4K) (n =
18 sections from 11 TDs examined). In TAM + DT
K17CreERT2;R26RiDTR skin, Nefh immunoreactivity could still
be observed in direct proximity to Merkel cells, presumably at
the synapse, but the remainder of sensory afferent fibers below
the synapse were completely deteriorated (Figures 4H and 4I).
Intact innervation could be observed in TDs sustaining only par-
tial ablation of Krt17+ stem cells in TAM + DT K17CreERT2;R26-
RiDTR skin (data not shown); however, our findings cannot
address the possibility of whether TD innervation is maintained
by a subset of Krt17+ TD keratinocytes, which would implicate
some degree of heterogeneity within the TD niche. These find-
ings uncover a previously unexpected role for TD keratinocyte
stem cells, while not serving as progenitors for dorsal root gan-
glion (DRG) neurons, in maintaining appropriate innervation of
the TD by DRG-derived sensory afferents.EXPERIMENTAL PROCEDURES
Generation of K17CreERT2 BAC Transgenic Mice
An internal ribosome entry sequence (IRES) was ligated together with the
CreERT2 sequence (Feil et al., 1997) and subcloned into the pL451 recombin-
eering plasmid (Copeland et al., 2001; Liu et al., 2003) (NCI) to generate a
modified pL451-IRES-CreERT2 vector. Insertion of an intact IRES-CreERT2
cassette was confirmed by direct sequencing (data not shown). BAC clone
RP24-357E17 (CHORI) containing the keratin Krt17 locus was electroporated
into SW105 cells (NCI). The IRES-CreERT2 and Frt-Neo-Frt-loxP cassettes
were PCR amplified from the pL451-IRES-CreERT2 vector using oligonucleo-
tide primers containing upstream arms homologous to the Krt17 30 UTR (Table
S3). The IRES-CreERT2-Frt-Neo-Frt-loxP amplicon was recombined into the
Krt17 30 UTR in SW105 cells (NCI) as previously described (Copeland et al.,
2001; Liu et al., 2003) and the insertion site was 121 bp downstream of the
Krt17 stop codon (Figure S2B). Following Flpase excision of the Neo cassette,
the modified BAC DNA was extracted and appropriate insertion of the IRES-
CreERT2 cassette into the Krt17 locus was confirmed in BAC DNA by PCR
and direct sequencing analyses (data not shown). The Krt17-IRES-CreERT2
BAC was microinjected into fertilized oocytes and two positive founder mice
(1F3, 1F4) were identified by PCR analysis (Figure S2C) using oligonucleotide
primers targeting the CreERT2 sequence (Table S3). Krt17-IRES-CreERT2 BAC
transgenic mice, herein referred to asK17CreERT2mice, are viable and appear
grossly normal (data not shown). All animals were housed according to
Columbia University Institute of Comparative Medicine guidelines, and exper-
iments were conducted under approved IACUC protocols.Lineage Analysis
For genetic pulse-chase studies, K17CreERT2 mice were crossed with
R26REYFP reporter mice (Srinivas et al., 2001) (B6.129X1-Gt[ROSA]26Sortm1
[EYFP]Cos/J) (Jackson Laboratories), which express EYFP following Cre exci-
sion of a loxP-flanked cassette, to generate K17CreERT2;R26REYFP bigenic
mice (Figure S2D). To induce EYFP expression, K17CreERT2;R26REYFP mice
received daily intraperitoneal injections of 2 mg of TAM (Sigma) or sunflower
oil alone (vehicle) for 4 days. Dorsal skin specimens (n = 3 mice per time point)
were harvested at the following time after TAMadministration: 24 hr and 1, 3, 7,
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K17CreERT2micewere crossedwith R26RiDTRmice (Buch et al., 2005) (C57BL/
6-Gt(ROSA)26Sortm1(HBEGF)Awai/J) (Jackson Laboratories), which express
an iDTR, to generate K17CreERT2;R26RiDTR bigenic mice. Six- to 7-week-
old K17CreERT2;R26RiDTR mice were treated with TAM or vehicle as outlined
above followed by twice-daily injections of 100 ng of Diphtheria toxin (DT)
(Sigma) for 7days (Buchet al., 2005) (FigureS4A). In somecases,mice received
twice daily injections of 200 ng DT for 4 days followed by once daily injections
of 1 mg DT for 3 days (Figure S4A). Dorsal skin specimens were harvested
for control (Veh + DT) and experimental (TAM + DT) K17CreERT2;R26RiDTR
mice at 24 hr, 1 and 2 weeks, or 4 weeks following the last DT injection.
Tissue Harvesting and Histology
Belly and dorsal mouse skin, whisker, and footpad specimens were surgically
excised from wild-type, K17CreERT2;R26REYFP and K17CreERT2;R26RiDTR
mice between 8 and 13 weeks of age. All harvested tissues were fixed in 4%
paraformaldehyde (PFA), processed in 30% sucrose, and embedded in opti-
mum cooling temperature medium and cryopreserved. In some cases, dorsal
skin sections were harvested from wild-type adult mice, fixed in formalin, and
paraffin embedded. For histopathological analysis, 7 mmsections were stained
with hematoxylin and eosin and bright-field images were captured using a
Zeiss Axiophot 2 microscope.
Tissue Immunolabeling
For immunofluorescence labeling in dorsal skin sections, thin (7 mm) histolog-
ical sections from K17CreERT2;R26REYFP, K17CreERT2;R26RiDTR or wild-type
mice were stained with the following primary antibodies overnight at 4C: cyto-
keratin Krt8 (Troma-I; Developmental Studies Hybridoma Bank), GFP-fluores-
cein isothiocyanate (FITC) (600-102-215; Rockland Immunochemicals), and
cytokeratin Krt17 (EP1623; Epitomics) with the exception that thick (20 mm) his-
tological skin sections were utilized for Nefh (NFH; Aves Labs) antibody label-
ing. Thick (20 mm) histological sections were utilized for Krt8, Krt17, and EYFP
immunolabeling inwhisker follicle and footpad labeling. Species-specific Alexa
Fluor 488-, 546-, and 680-conjugated secondary antibodies (Life Technolo-
gies) were used to detect primary antibody labeling. Confocal stacks were
captured using a Zeiss LSM 5 Exciter confocal microscope and reconstructed
using NIH ImageJ software. For genetic pulse-chase studies, the total of Mer-
kel cells and EYFP+ Merkel cells were counted in reconstructed images (Table
S2). For immunohistochemistry, 7 mm sections of paraffin-embedded dorsal
skin from wild-type mice were probed with Krt17 antibodies and detected us-
ing aVectaStain ABCkit (Vector Labs) usingDABasa chromagenas previously
described (Bachelor et al., 2011).
Flow Cytometry
Primary adult epidermal keratinocytes were isolated from the dorsal skin of
K17CreERT2;R26REYFP, K17CreERT2;R26RiDTR and wild-type mice as previ-
ously described (Jensen et al., 2008;Woo et al., 2010). Single-cell suspensions
of epidermal keratinocytes were labeled with antibodies to the following sur-
face proteins: a6 integrin (phycoerythrin [PE]-conjugated GoH3 clone), CD34
(APC-conjugated RAM34 clone), Sca-1 (PE-Cy7-conjugated D7 clone), and
CD200 (OX-90 clone) (BD Biosciences) detected with anti-Rat Alexa Fluor
680 antibodies (Life Technologies). Cells were stained with DAPI and sub-
jected to FACS analysis using a LSRII Cell Analyzer and FACSDiva version
6.1.1 software (BD Biosciences). After eliminating DAPI-positive dead cells,
FITC, PE, APC, PE-Cy7, and Alexa Fluor 680 signals were collected through
530/30, 575/26, 660/20 nm, 780/60 nm, and 710/20 nm band-pass filters,
respectively. Touch-dome keratinocytes (TDKCs) were gated as the
a6+CD34Sca-1+CD200+ population as previously described (Woo et al.,
2010) (Figures S3D–S3F). The percentage of TDKCs that were EYFP+ or
EYFP (K17CreERT2;R26REYFP mice) or the total percentage of TDKCs
(K17CreERT2;R26RiDTR) was calculated using FlowJo software (Tree Star).
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